C5a is a potent anaphylatoxin that modulates inflammation through the C5aR1 and C5aR2 receptors. The molecular interactions between C5a-C5aR1 receptor are well defined, whereas C5a-C5aR2 receptor interactions are poorly understood. Here, we describe the generation of a human antibody, MEDI7814, that neutralizes C5a and C5adesArg binding to the C5aR1 and C5aR2 receptors, without affecting complementmediated bacterial cell killing. Unlike other anti-C5a mAbs described, this antibody has been shown to inhibit the effects of C5a by blocking C5a binding to both C5aR1 and C5aR2 receptors. The crystal structure of the antibody in complex with human C5a reveals a discontinuous epitope of 22 amino acids. This is the first time the epitope for an antibody that blocks C5aR1 and C5aR2 receptors has been described, and this work provides a basis for molecular studies aimed at further understanding the C5a-C5aR2 receptor interaction. MEDI7814 has therapeutic potential for the treatment of acute inflammatory conditions in which both C5a receptors may mediate inflammation, such as sepsis or renal ischemia-reperfusion injury.
Introduction
Complement consists of a network of over 30 soluble and cell surface proteins that act as a surveillance system, detecting disease and damaged host cells, pathogens and foreign antigens. Complement proteins circulate within serum in an inactive state and become activated via the classical, lectin, alternative or extrinsic protease pathways. 1 Activation triggers the proteolytic cleavage of precursor complement molecules C3 and C5 to form biologically active complement fragments. Proteolytic cleavage of C5 produces complement fragments C5a and C5b (Fig. 1 ). C5a is a highly potent inflammatory anaphylatoxin that activates neutrophils, mast cells, basophils, and monocytes [2] [3] [4] and drives the production of inflammatory mediators, including histamine, and various cytokines and chemokines. [5] [6] [7] C5b interacts with additional complement proteins C6, C7, C8 and C9 to form a heteromeric lytic pore complex, termed the membrane attack complex (MAC), 8 ( Fig. 1 ). In the absence of host cell complement regulators such as CD59, the MAC inserts into cell membranes to form pores leading to cell lysis. MAC formation is therefore important for host defence against certain Gram-negative bacteria, in particular, Neisseria species. [9] [10] C5a mediates its effects by interacting with the C5aR1 receptor (CD88) 11, 12 and is rapidly deactivated by serum carboxypeptidases 13 to a less potent form lacking the C-terminal arginine, C5adesArg.
inflammatory effects of C5a are enhanced in C5aR2-deficient rodent models of contact sensitivity, immune complex lung injury, house dust mite-induced experimental allergic asthma and anti-neutrophil cytoplasmic antibodies (ANCA) associated with necrotizing and crescentic glomerulonephritis, [17] [18] [19] [20] [21] [22] suggesting an anti-inflammatory role for C5aR2 in these models. In contrast, C5aR2 has been shown to be required for C5a-C5aR1 signaling in macrophages isolated from a murine colitis model 23 and C5aR2-deficient mice exhibit reduced inflammation in air pouch, acute lung injury, sepsis and renal ischemia-reperfusion injury models. [24] [25] [26] [27] C5adesArg has »10-fold higher affinity for C5aR2 receptor over C5aR1, 28 although the significance of this is unknown. The three-dimensional structure of C5a has been defined using NMR. 29, 30 Using peptide competition studies, 3 regions of C5a have been identified that interact with the C5aR1 receptor: C5a residues 12-20, 20-37 and the C terminus. 31 However, the molecular interactions between C5a and C5aR2 receptor have not yet been defined.
Biologic and small molecule therapeutics directly targeting the C5a-C5aR1 receptor axis are currently in clinical development for the treatment of inflammatory diseases. IFX-1, an anti-C5a antibody, recently completed a Phase 2 trial in sepsis (clinicaltrials.gov identifier NCT02246595) and is being evaluated in a Phase 2 trial for patients with hidradenitis suppurativa (NCT03001622). In addition, a C5aR1 receptor antagonist, CCX168, is in a Phase 3 trial for the treatment of ANCA-associated vasculitis (NCT02994927).
In contrast, the potential benefits of targeting the C5a-C5aR2 axis in inflammatory diseases are poorly understood as a consequence of the C5aR2 receptor's ability to either attenuate or enhance inflammation in different settings. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Several in vivo and ex vivo studies have highlighted a potential pro-inflammatory role for C5aR2 receptor in diseases such as sepsis, atherosclerosis, acute lung injury, ANCA-associated vasculitis and renal ischemia-reperfusion injury, [24] [25] [26] [27] 32, 33 suggesting that there may be particular inflammatory indications in which inhibiting both receptors may be more advantageous than inhibiting the C5aR1 receptor alone.
C5a-mediated inflammation may also be inhibited by blocking the generation of de novo C5a. Eculizumab (Soliris Ò ), a humanized mAb, targets C5 and blocks C5 cleavage to C5a and C5b that is mediated by C5 convertase enzymes. Eculizumab was originally approved for the treatment of paroxysmal nocturnal hemoglobinuria, a rare condition in which somatic mutations lead to a deficiency of the terminal complement inhibitors CD55 and CD59 on red blood cells (RBC), resulting in lysis. Blocking C5 cleavage prevents formation of C5b and the downstream MAC complex, thus preventing RBC lysis. 34 By blocking C5 cleavage, the production of C5a will also be reduced. However, such an approach may not be desirable for the treatment of inflammatory conditions because C5 blockade can impair host defense against meningococcal bacteria.
35 Furthermore, eculizumab has been reported to be unable to block C5 cleavage mediated by the extrinsic protease pathway (via trypsin and thrombin), suggesting that a C5a-targeted Figure 1 . Overview of C5 complement activation. Complement C5 activation can occur either by the classical, lectin and alternate complement pathways to generate C5 convertases, or via proteases extrinsic to the complement pathway. C5 convertases or extrinsic proteases can cleave C5 to form proteolytic fragments C5a and C5b. C5a is a potent anaphylatoxin that is rapidly deactivated by removal of the C terminal arginine to form C5adesArg. C5a binds with high affinity (thick black arrows) to both C5aR1 and C5aR2 receptors, while C5adesArg binds with high affinity to the C5aR2 receptor and with low affinity (dashed arrow) to the C5aR1 receptor. The C5aR1 receptor primarily drives pro-inflammatory effects, while the C5aR2 receptor can mediate pro-or anti-inflammatory effects depending on its cellular context. In the absence of cell associated complement inhibitors, C5b interacts with a single copy of complement proteins C6, C7, C8 and a further 18 copies of C9 to form a pore within the cell membrane called the membrane attack complex (MAC). 8 The MAC can lyse certain Gram-negative bacteria, promoting bacterial clearance, while host cells can avoid lysis due to the presence of membrane associated complement regulators.
approach may be required for effective treatment of inflammatory disorders. 36 Such C5a-targeted approaches include the anti-C5a monoclonal antibody IFX-1 currently in clinical trials, and vaccination with C5a fusion proteins or peptide fragments, which has been shown to attenuate inflammation in mouse models of arthritis 37 and Alzheimer's disease, 38 respectively. It is not currently known whether either of these approaches can target the C5a-C5aR2 axis to modulate inflammation.
Here, we describe the generation of a human antibody, MEDI7814, that neutralizes C5a and C5adesArg binding to the C5aR1 and C5aR2 receptors, without affecting bacterial opsonization and killing. The crystal structure of MEDI7814 singlechain variable fragment (scFv) in complex with human C5a revealed a 22-amino acid epitope within C5a that is important for binding to both C5aR1 and C5aR2 receptors. This is the first time the epitope for an antibody that blocks C5aR1 and C5aR2 receptors has been described. This work provides a foundation for molecular studies to advance our understanding of the interaction between C5a and the C5aR2 receptor and supports the development of MEDI7814 as an anti-C5a therapeutic for the treatment of inflammation in acute inflammatory conditions in which both C5a receptors contribute to inflammation.
Results
Discovery and affinity engineering of a C5a/C5adesArg neutralizing antibody C5a antibodies were isolated from a large phage library displaying human antibody scFv [39] [40] [41] by carrying out selections on recombinant biotinylated human C5a. Neutralizing scFv were identified by screening for inhibition of iodinated human C5a binding to C5aR1 receptor using membranes derived from HEK293 cells stably expressing the human C5aR1 receptor. From this, a C5a neutralizing antibody, ab116 ( Supplementary  Fig. 1) , with an affinity of 17 nM for recombinant human C5a was identified. Because the affinity for C5a binding its receptors is » 1 nM or greater, 12,28 the affinity of ab116 for C5a was predicted to require improvement by at least 20-fold in order to effectively compete with the C5a receptors for binding to C5a in vivo. The affinity of ab116 was improved by randomizing amino acids in the VHCDR3 and VLCDR3 loops. Libraries of mutants were selected on decreasing concentrations of biotinylated human C5a to enrich for scFv with amino acid mutations with increased affinity to human C5a relative to ab116. ScFv with higher affinities were identified by screening for increased inhibition relative to ab116 scFv in a biochemical competition assay.
Following recombination of the VHCDR3 and VLCDR3 libraries and screening to identify additional synergistic increases in affinity, scFv variants were converted to IgG4. A mutated IgG4 format was used, in which serine at Kabat position 241 in the hinge sequence of the human IgG heavy chain was substituted for proline. This mutation has been reported to improve the homogeneity of IgG4, reducing the amount of "half antibody" formation. 42 The IgG4 format was chosen for its reduced ability to bind Fc gamma receptors and complement C1q in order to minimize Fc effector function and complement activation. 43 This approach led to the identification of the affinitymatured antibody MEDI7814. MEDI7814 binds to recombinant human C5a and serum purified human C5a with affinities of 14 pM and 8 pM, respectively ( Table 1, Supplementary  Table 1 and Supplementary Fig. 2 ), demonstrating a gain of more than 1000-fold in affinity. MEDI7814 also binds with similarly high affinity to human C5, human C5adesArg, cynomolgus C5a and C5adesArg (Table 1, Supplementary Table 1 and Supplementary Fig. 2 ).
The specificity of MEDI7814 for C5a and C5 over other complement components was determined by competing an excess of unlabelled human C5a, C5, C3a, C4a, C3 and C4 into an assay measuring the binding of biotinylated human C5a to MEDI7814 (Fig. 2) . Human C5a and C5 competed for binding with potencies of 0.3 nM and 0.6 nM, respectively, whereas no inhibition was observed with complement components C3 or C4 (which share 26.6% and 23.6% amino acid identity, respectively, with C5), or their derivatives C3a and C4a (which share 32.1% and 35.9% amino acid identity, respectively, with C5a). These results Table 1 . Affinities and binding kinetics of MEDI7814. C5a affinity was estimated using surface plasmon resonance (BIAcore). C5 affinity was estimated by kinetic exclusion assay (KinExa). Affinity results are an average of 2 or more separate experiments. N.D. Not determined.
Affinity Determination Method
Analyte indicate that MEDI7814 is specific for C5a and C5. The potencies for C5a and C5 were order of magnitude lower than their estimated affinities as the concentration of biotinylated C5a required to provide a robust signal in the competition assay was in excess of the KD for the MEDI7814-C5a interaction.
MEDI7814 differs from the parent mAb ab116 by 4 amino acids (Kabat 44 residues: G99E; D100E; N100bP; Y100cW) in the VHCDR3 and 2 amino acids (T92H; S93P) in the VLCDR3 (Fig. 3) .
Inhibition of binding to C5aR1 and C5aR2 receptors
To determine whether MEDI7814 could inhibit C5a binding to both C5aR1 and C5aR2 receptors, assays were established measuring the binding of fluorescently labelled C5a or C5adesArg to HEK293 cells stably expressing either the human C5aR1 or C5aR2 receptors. MEDI7814 fully inhibited human C5a binding to HEK293 cells expressing the C5aR1 receptor ( Fig. 4A ) and fully inhibited human C5a or C5adesArg binding to HEK293 cells over-expressing the C5aR2 receptor (Fig. 4B, C) . Together, this demonstrates that MEDI7814 inhibits C5a and C5adesArg binding to both C5aR1 and C5aR2 receptors.
Neutralization of C5a and C5adesArg in vitro
To understand the biological effects of blocking the C5aR1 and C5aR2 receptors, MEDI7814 was tested for inhibition of C5a-mediated cell responses in vitro. MEDI7814 fully neutralized human C5a-and C5adesArg-mediated calcium mobilization in HEK293 cells transfected with human C5aR1 receptor ( Fig. 5A and B), indicating that it can neutralize C5a signalling through the C5aR1 receptor. Furthermore, MEDI7814 neutralized recombinant human C5a-mediated chemotaxis of human neutrophils by 80% or greater at antibody concentrations of 1 nM or more (Fig. 5C ). Mean neutralization potencies were not determined for the calcium mobilization and chemotaxis assays as the affinity of MEDI7814 for C5a exceeded the concentrations of C5a used in each of these assays, resulting in reduced potency discrimination. However, together these assays demonstrated that MEDI7814 gained at least a 1000-fold improvement in potency against human C5a when compared to ab116 ( Supplementary Fig. 1 ).
To confirm that MEDI7814 could block native as well as recombinant human C5a, it was tested in a human whole blood assay measuring neutrophil CD11b up-regulation in response to endogenously produced C5a. 45, 46 Following the activation of Figure 3 . Amino acid sequence alignment of ab116 and MEDI7814 variable domains. The 6 amino acids that differ between ab116 and MEDI7814 variable domains differ are highlighted in red. Complementarity determining regions (CDRs) are defined by black lines and residues are numbered according to Kabat. 44 complement by heat-killed E. coli, MEDI7814 neutralized endogenous C5a-mediated CD11b up-regulation with a geomean IC 50 of 28 nM (Fig. 6A ), demonstrating that it also inhibits native C5a under more relevant physiological conditions. Furthermore, to understand whether inhibition of CD11b was driven via the blockade of C5a binding the C5aR1 or C5aR2 receptors, human whole blood was incubated with F(ab 0 )2 antibody fragments that block either the C5aR1 or C5aR2 receptors prior to activating complement with E. coli (Fig. 6B ). F(ab 0 )2 antibody fragments were used in order to avoid non-specific effects via Fc receptor binding. The anti-C5aR1 receptor F(ab 0 ) 2 fragment (anti-C5aR1 F(ab 0 )2) showed inhibition of CD11b up-regulation (P<0.0001), whereas the anti-C5aR2 receptor F (ab 0 )2 (anti-C5aR2 F(ab 0 )2) and isotype negative control F(ab 0 ) 2 showed no significant inhibition (Fig. 6B ). As the anti-C5aR2 receptor F(ab 0 )2 can inhibit the C5aR2 receptor (see next section), this indicates that CD11b up-regulation is predominately mediated via the C5aR1 receptor in this experimental system.
Taken together, the ability of MEDI7814 to inhibit calcium mobilization in C5aR1 receptor transfected cells and CD11b up-regulation in human whole blood demonstrates that it can neutralize recombinant and endogenous C5a signalling via the C5aR1 receptor.
Next, the effects of MEDI7814 on C5aR2 receptor signalling were investigated. As the C5aR2 receptor has been shown to be required for the release of the pro-inflammatory cytokine HMGB1, 26 the release of HMGB1 following complement activation in human whole blood was measured in (Fig. 7) . This result suggests that MEDI7814 neutralizes HMGB1 release by inhibiting C5a binding to the C5aR2 receptor.
Complement-mediated bacterial cell clearance
As MEDI7814 binds to C5, it has the potential to block C5 cleavage and formation of the MAC, thereby impairing bacterial cell killing. MEDI7814 was therefore tested in a human serum bactericidal assay in which MAC cell lysis of the Gramnegative bacterium Klebsiella pneumonia was measured. No inhibition of complement-mediated cell killing was observed with MEDI7814 following incubation with human serum and 5 £ 10 4 colony forming units (cfu) of fluorescent K. pneumonia (Fig. 8) , whereas the positive control, eculizumab, showed concentration-dependent inhibition of cell lysis. Furthermore, unlike eculizumab, MEDI7814 did not inhibit MAC-mediated lysis of red blood cells following activation of complement by either the classical or alternative pathways (Supplementary Figure 3) . Taken together, this demonstrates that MEDI7814 does not affect complement-mediated cell lysis, which suggests that it has a minimal effect on the cleavage of C5 and formation of the MAC complex. MEDI7814 therefore has a distinct mechanism of action from eculizumab.
Complement also targets microbes for clearance by depositing opsonins, such as C3b, onto their surfaces. Phagocytic cells expressing opsonin receptors then bind and clear opsonized microbes, in a process known as opsonophagocytic killing (OPK). 47 As MEDI7814 neutralizes C5a-mediated up-regulation of CD11b, the receptor for C3b (Fig. 6) , it could potentially impair OPK. MEDI7184 was therefore tested in a whole blood assay measuring complement C3b-mediated OPK of a luminescent strain of Pseudomonas aeruginosa, confirming that it did not inhibit OPK (Fig. 8B) .
Structure of MEDI7814 in complex with human C5a
To understand the molecular basis of C5a receptor neutralization, we determined the crystal structure of human C5a in complex with a scFv fragment derived from MEDI7814. The C5a neutralization activity of MEDI7814 scFv was confirmed in the human C5a-mediated calcium mobilization assay with a potency similar to MEDI7814 as an IgG4 ( Supplementary Fig. 4) .
The co-crystal structure of MEDI7814 scFv and C5a was refined to a 2.15A resolution (Fig. 9A, Supplementary Table 2 ), Figure 6 . MEDI7814 neutralizes C5a-C5aR1 receptor mediated CD11b upregulation in human whole blood. Representative results showing that (A) MEDI7814 (~) neutralizes endogenous C5a mediated neutrophil CD11b up-regulation in human whole blood with a geomean IC 50 of 28 nM. Endogenous C5a was generated by activation of complement using E coli as described by Fung et al. 45 Data points represent the mean § standard error of the mean for 5 separate experiments. No inhibition of response was observed with the isotype irrelevant control antibody ( & ).
(B) CD11b upregulation is mediated predominately via the C5aR1 receptor. 100 nM of an anti-C5aR1 receptor neutralizing antibody (anti-C5aR1 F(ab')2) inhibits C5a mediated CD11b up-regulation in whole human blood upon complement activation using E.coli. 100 nM of an anti-C5aR2 receptor neutralizing antibody (anti-C5aR2 F(ab')2) and an isotype negative control F(ab')2 showed no significant inhibition, indicating that CD11b up-regulation is mediated predominately through the C5aR1 receptor. 100 nM MEDI7814 inhibits CD11b up-regulation, whereas the isotype control antibody showed no inhibition. T0 and T10 represent CD11b level at time 0 and 10 minutes after blood was incubated at 37 C without E.coli. Individual data points from 6 different donors are shown alongside the mean § standard deviation for each test condition. ÃÃÃÃ p < 0.0001, by one-way ANOVA followed by Sidak's multiple comparisons test, (ns, not significant). Ã p < 0.05, by Kruskal-Wallis test followed by Dunn's multiple comparisons test, (ns, not significant). The Kruskal-Wallis nonparametric test was used as the number of samples tested was low for some groups and therefore no assumptions could be made about the normal distribution. The "-E.coli/-Ab" control contained PBS in place of E coli. and test antibody, and the "CE.coli/-Ab" control contained PBS in place of test antibody.
with the human C5a structure presented here showing a similar structure to previously reported C5a structures. 29, 30, 48, 49 The C5a-MEDI7814 scFv complex revealed a 21-amino acid paratope, with the majority of amino acids residing in the VHCDR3 and VLCDR2 of MEDI7814 scFv (Fig. 9B) , and 4 amino acids in the Vernier zone. 50 These interact with a discontinuous epitope of 22 amino acid residues in the core of human C5a (Fig. 9C) , predominately through hydrophobic interactions. The epitope encompasses human C5a residues Y13-C21 (inter a-helical loop 1/helix 2), D24 and G25 (helix 2), C27 (inter a-helical loop 2), R37 (Helix 3), R40-C47 (inter a-helical loop 3) and F51 (helix 4). This differs from previously reported epitopes (K20-R37; N30-A38, S66-L72, I65-K68) recognized by anti-C5a neutralizing antibodies, [51] [52] [53] but has some residues in common with a linear I41-R46 neutralizing antibody epitope previously described. L46, I48, F49) . The framework amino acids are Vernier residues, important for the structural integrity of antibodies. 50 (C) Discontinuous epitope on C5a recognized by MEDI7814 scFv comprises amino acid residues Y13-C21, D24 and G25, C27, R37, R40-C47 and F51, shown as orange sticks. does not inhibit C3b mediated opsonophagocytic killing (OPK) of a luminescent strain of P. aeruginosa in human whole blood. Blood was treated with 600 nM MEDI7814 or an IgG4 isotype negative control antibody prior to being added to wells containing a positive control anti-CD11b mAb or an IgG1 isotype irrelevant control mAb and P. aeruginosa. As MEDI7814 shows a mean luminescence similar to the negative PBS control (4593 RLU) in the presence of the IgG1 irrelevant control mAb, this indicates that it does not inhibit OPK. The anti-CD11b mAb blocks OPK resulting in an increased luminescence. Data points represent mean RLU § standard error of the mean for 4 different donors.
The MEDI7814 epitope was found to completely overlap with one of three regions within C5a reported to interact with the C5aR1 receptor 12,31,55-57 (supplementary Fig. 5 ), suggesting that MEDI7814 competes with C5aR1 receptor for binding to C5a. In contrast, the molecular interactions between C5a and the C5aR2 receptor have not been previously defined. As MEDI7814 fully inhibits the binding of C5a ligands to both C5aR1 and C5aR2 receptors (Fig. 4) , the 22-amino acid epitope recognized by MED7814 is the first region to be defined on C5a that is important for binding to both C5a receptors.
Discussion
Here, we describe the generation of a high affinity, anti-C5a antibody, MEDI7814, which neutralizes the biological effects of both C5a ligands by inhibiting C5a and C5adesArg binding to C5aR1 and C5aR2 receptors. In particular, MEDI7814 inhibits C5aR1 receptor-mediated effects such as calcium mobilization and CD11b up-regulation and can inhibit HMGB1 release, which requires C5aR2 receptor expression. 26 This suggests that MEDI7814 can neutralize the pro-inflammatory effects mediated by the C5aR2 receptor in addition to neutralizing C5aR1 receptor signalling.
The crystal structure of the MEDI7184 scFv-human C5a complex revealed that MEDI7814 interacts with a discontinuous epitope that entirely overlaps with 1 of 3 previously defined regions of C5a shown to interact with the C5aR1 receptor via a 3 site model. 31 In this model, basic residues in C5a inter a-helical loop 1/helix2 interact with C5aR1 receptor N-terminal acidic residues, while acidic residues in C5a inter a-helical loop 2 (amino acids 28-33) interact with basic residues within C5aR1 receptor extracellular loop 2. Following a conformational change within C5a, the C5a C terminal (amino acids 68-74) interact with the 5th transmembrane domain of C5aR1 receptor, resulting in receptor activation 10,12,30,31,55-57,58,60 As MEDI7814 fully inhibits C5a binding to the C5aR1 receptor and recognizes an epitope that overlaps with a known C5aR1 receptor interaction site, we conclude that MEDI7814 can competitively inhibit C5a binding to the C5aR1 receptor. Furthermore, as MEDI7814 scFv recognizes 7 amino acids in C5a inter a-helical loop 3 our findings highlight a potential role for this loop in C5aR1 receptor binding. This is supported by reports that R40 in inter a-helical loop 3 is required for C5aR1 receptor binding 58 and that a portion of loop 3 is recognized by a previously described C5a neutralizing antibody. 54 Detailed studies identifying regions within C5a required for C5aR2 receptor binding have not been published. However, studies by Otto et al, 59 using C5a C terminal and deletion mutations, indicate that core C5a residues 1-64 are required for C5aR2 receptor binding, whilst the contribution of the remaining C terminal (C5a amino acids 65-75) for binding are marginal. In addition, it has recently been shown that peptides representing the last 6 or 7 C-terminal residues of C5a are functionally selective for the C5aR2 receptor over the C5aR1 receptor, recruiting b-arrestin 2 and inducing lipopolysaccharide-stimulated interleukin-6 release from human monocytederived macrophages. 60 Taken together, these findings suggest that the core C5a amino acids 1-64 promote C5aR2 receptor binding, while the last 6 or 7 C-terminal amino acids are required for C5aR2 receptor signalling. This resembles the mechanism by which C5a binds the C5aR1 receptor, as the C terminal of C5a is not involved in binding, but is required for activation, raising the possibility that a similar binding/activation model exists for C5aR2 receptor. Indeed, despite the low amino acid identity (35%) between these receptors, the C5aR2 receptor has a pattern of charged and hydrophobic residues in the extracellular loops and transmembrane regions that is similar to the C5aR1 receptor, with almost identical electrical charge patterns in the C5a interacting sites. 31 It is therefore tempting to speculate that C5a shares a common binding mechanism for both receptors. This concept may also be supported by our observation that MEDI7814 can block binding to both receptors, suggesting the existence of a potential common binding region on C5a, important for interaction with both receptors. However, an alternative interpretation could be that MEDI7814 interacts with C5a at a site distinct from the C5aR2 receptor domain through steric hindrance alone or by allosterically inducing a conformational change in C5a. Indeed, binding studies using N-terminal C5aR2 receptor antibodies and a chimeric C5aR1-C5aR2 receptor indicate that distinct differences do exist between the way in which C5a ligands interact with the C5aR1 and C5aR2 receptors. 61 Additional molecular studies using C5a mutants that have been modified in the MEDI7814 scFv epitope may help provide further insight into the molecular mechanism by which C5a ligands bind the C5aR2 receptor.
As C5aR1 receptor neutralization reduces inflammatory responses in models such as sepsis, 26 arthritis 62 and allergic asthma, 63 inhibiting the C5a-C5aR1 receptor interaction would be predicted to dampen excessive inflammation in human disease. The effects of inhibiting the C5a-C5aR2 receptor interaction are, however, less predictable, as both anti-and pro-inflammatory roles have been described for the C5aR2 receptor. In particular, C5aR2 receptor-deficient mouse models for allergic contact dermatitis, pulmonary immune complex injury and ANCA have demonstrated an anti-inflammatory role for C5aR2 receptor, [19] [20] [21] [22] whereas in vivo studies using C5aR2 receptor deficient mice or anti-C5aR2 receptor antibodies suggest a proinflammatory role for C5aR2 in acute experimental colitis, acute lung injury, sepsis, ANCA and renal reperfusion injury. 23, [25] [26] [27] 33 Furthermore, studies on human atherosclerotic plaques have shown a correlation between C5aR2 receptor and pro-inflammatory cytokine expression. 32 This highlights a potential pro-inflammatory role for C5aR2 receptor in certain diseases, suggesting that in some cases, inhibiting both receptors may be more advantageous than inhibiting C5aR1 receptor alone.
Because MEDI7814 inhibits C5a ligands binding to both C5aR1 and C5aR2 receptors, it may have therapeutic utility in treating certain diseases in which inflammation appears to be mediated via both C5aR1 and C5aR2 receptors. Such an approach could be considered more desirable than reducing C5a formation by blocking C5 cleavage, as C5b generation and MAC-mediated bacterial clearance would be retained, negating the requirement for vaccination against meningococcal infection prior to treatment. Furthermore, anti-C5a neutralization may also be preferred over an anti-C5 mechanism because it has the benefits of targeting C5a generated either via the serum convertase or the extrinsic protease pathways. 36 However, the benefits that MEDI7814 brings in targeting C5a interactions with both C5a receptors must be balanced with its ability to bind C5 with an equally high affinity. The normal physiological concentration of C5 is high (0.37 mM) 64 and would be predicted to act as a "sink" for MEDI7814. While pre-binding C5 hypothetically may be advantageous, as C5a would effectively be neutralized upon its generation by C5 cleavage, the dose required to occupy both C5 and C5a would be predicted to be relatively high and frequent compared with other anti-inflammatory antibody drugs. Indeed, the potencies of MEDI7814 in the C5a receptor-ligand and calcium mobilisation assays were high (ranging from approximately low nM to pM), with stoichiometric binding being achieved, (Figs. 4 and 5) , whereas the potency for CD11b up-regulation in the presence of whole blood, and therefore more physiologically relevant levels of C5, was reduced by at least an order of magnitude (Fig. 6) . The effect of high levels of C5 on dosing is also evident with eculizumab, which requires 900 mg intravenous doses every 2 weeks for PNH. 65, 66 Such a high dose requirement would likely prohibit the use of MEDI7814 as a prophylactic therapy, but it may have potential therapeutic utility in more acute inflammatory settings such as sepsis, 26 acute lung injury 25 and renal ischemia reperfusion injury 27 in which inflammation may be mediated by both C5a receptors.
In summary, our studies with MEDI7814 have revealed for the first time, an epitope on human C5a important for the binding and function of both C5a receptors, providing a basis for further molecular studies to understand the interaction between C5a and C5aR2 receptor. The ability of MEDI7814 to neutralize the effects of C5a mediated by both receptors suggests therapeutic potential in the treatment of acute conditions where both receptors may be contributing to inflammation.
Material and methods

Purified proteins
Recombinant human C5a was obtained from Sigma and biotinylated using low pH N-hydroxy succinimide chemistry (Thermo/ Pierce) for phage display selections and biochemical assays. Ò 647 N-terminally labelled human C5a or C5adesArg were custom synthesized by Almac Biosciences. C5a was also purified from human serum obtained from AstraZeneca R&D or cynomolgus serum obtained from GeneTex Inc, according to Janatova. 67 The purity and identity of C5a preparations were confirmed by Western blot, Edman N-terminal sequencing and mass spectrometry. The cDNA sequence of cynomolgus C5ade-sArg was cloned from liver and thymus cDNA libraries by RT-PCR. The cDNA was inserted into a mammalian expression vector containing the human growth hormone signal peptide. Recombinant N-terminal 10xHis-Flag tagged cynomolgus C5adesArg was expressed in HEK293/EBNA cells and the media concentrated in a Pellicon XL ultra-filtration device with a 5 KDa MW cut-off (Millipore). Following clarification by centrifugation at 1000xg for 10 min and adjustment to pH 8.0, cynomolgus C5adesArg was affinity purified with Ni-NTA agarose (Invitrogen) equilibrated in 25 mM HEPES, 500 mM NaCl, 20mM imidazole, 5 mM DTT, 10% glycerol, pH 8.0 supplemented with Complete EDTA-free protease inhibitor (Roche), and eluted into the same buffer containing 300 mM imidazole. The C5adesArg containing fractions were pooled and applied to a Superdex 75 (GE Healthcare) size exclusion column equilibrated in 2x PBS buffer supplemented with 10% glycerol. The purity and identity of the C5adesArg preparation was confirmed by western blot, Edman N-terminal sequencing and mass-spectrometry. This protocol routinely produced >95% pure monomeric glycosylated C5adesArg as determined by SDS-PAGE, mass spectrometry and analytical gel filtration with yields ranging from 4-10 mg pure protein/liter growth media.
Preparation of HEK293 cell membranes expressing the C5aR1 receptor
Cells were harvested and then washed in Dulbeccos phosphatebuffered saline (dPBS) at 4 C. After re-suspending the cell pellet in ice cold 25 mM HEPES pH 7.4 and 1 mM EDTA containing a protease inhibitor cocktail (Roche), cells were homogenized using a Dounce homogenizer. Cells were then transferred to a Falcon tube and further homogenized using an Ultra-Turrax (IKA). The lysate was then centrifuged at 21000 rpm at 4 C for 75 min and the membrane pellet re-suspended in 25 mM HEPES pH 7.4, 2.5% glycerol, aliquoted and stored at ¡80 C until required.
Phage display isolation of anti-C5a antibody ab116
Three na€ ıve human single chain (scFv) phage display libraries [39] [40] [41] were combined and used for antibody isolation (selections). 68 Multiple rounds of selections were performed using soluble biotinylated recombinant human C5a (Sigma) at decreasing concentrations ranging from 100 to 25 nM. Phage were incubated with C5a in 30 mM HEPES, 5 mM KCl, 0.1 mM MgCl 2 , 1.5 mM CaCl 2 , 500 mM NaCl and 3% w/v Marvel milk powder for 1 hr. Antigen-bound scFv-phage were captured on streptavidin-coated paramagnetic beads (Dynabeads Ò ), eluted, infected into E. coli TG1 and rescued for the next round of selection. Representative individual scFv from each selection were expressed in bacterial periplasm 69 and screened for inhibition of 125 I-human C5a binding to HEK293 cell membranes expressing the C5aR1 receptor using a scintillation proximity assay (SPA).
Scintillation proximity assay for neutralization of 125 I-human C5a binding to C5aR1 cell membranes scFv were transferred to a 96-well Optiplate (Perkin Elmer). A preparation of HEK293 cell membranes expressing the C5aR1 receptor were captured on 1 mg/mL wheat germ agglutinin coated polyvinyl toluene SPA beads (GE Healthcare) for 1 hr at 4 C with continuous mixing. After washing, the SPA beads were re-suspended in assay buffer (25 mM HEPES pH7.4, 1 mM MgCl 2 , 2 mM CaCl 2 and 0.2% bovine serum albumin (BSA)) and added to the assay plates.
125 I-human C5a (400 pM) was added and plates incubated for 3 hrs at room temperature in the dark, prior to reading on a TopCount plate reader (Perkin Elmer). Data were analyzed by calculating % specific binding where NSB is non-specific binding signal and total is the maximum binding signal in the absence of sample (Eq. 1).
Affinity optimization of ab116
Large scFv-phage libraries derived from ab116 were created by oligonucleotide-directed mutagenesis of the variable heavy and light chain complementarity-determining region 3 loops (VHCDR3 and VLCDR3, respectively). Libraries were subjected to affinity-based phage display selections 68, 70 using 200 nM to 200 pM biotinylated human C5a. The VHCDR3 and VLCDR3 libraries were then recombined and two further rounds of selection on 200 pM to 20 pM C5a performed. Representative scFv from each round were screened in biochemical homogenous time resolved FRET (HTRF Ò FRET, Cisbio Assays) competition assays, for increased inhibition of recombinant human C5a binding to fluorescently labelled ab116 IgG, relative to ab116 scFv. In brief, ab116 was labelled with europium cryptate, and samples and reagents were diluted in assay buffer (50 mM MOPS, 0.4 M potassium fluoride and 0.1% BSA). Equal volumes of scFv, 24 nM biotinylated C5a, cryptate-labelled ab116 and 20 nM streptavidin XL665 were added to black, low volume, 384-well assay plates (Costar) and incubated for 4 hrs at room temperature, then overnight at 4 C prior to reading time-resolved fluorescence emission at 665 nm and 615 nm emission using an EnVision plate reader (Perkin Elmer).
Conversion of scFv to IgG
Reformatting of scFv into human IgG format was performed according to Persic et al.
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MEDI7814 specificity assay 2.5 nM MEDI7814 in Dulbecco's PBS was adsorbed to 96-well Nunc TM assay plates (Thermo Fisher Scientific) for 1.5 hrs at room temperature. After washing in dPBS plus 0.1% Tween 20, wells were blocked for 1 hr at room temperature (1% BSA in dPBS). Purified human C5a, C5, C3a, C3, C4a, and C4 were serially diluted in assay buffer and added to the plates with 1.2 nM biotinylated human C5a, incubated for 2 hrs at room temperature, washed, then incubated with 100 ng/mL of europium-labelled streptavidin for 1 hr. Plates were washed in DELFIA Ò wash and DELFIA Ò enhancer (Perkin Elmer) was added. Time-resolved fluorescence emission at 620 nm was measured and % specific binding determined (Eq.1). IC 50 values were calculated using a 4-parameter logistic equation with variable Hill slope using GraphPad Prism.
Receptor-ligand competition using Fluorescence Microvolume Assay Technology MEDI7814 was serially diluted in assay buffer (Hank's Balanced Salt Solution (Sigma) containing 0.01% sodium azide, (Sigma) and 0.1% BSA (Sigma) to give concentrations ranging from 100 nM to 1.6 pM. mAb dilutions were transferred to black 384-well clear bottom assay plates (Costar). 1 nM custom synthesized N-terminal Alexa Fluor Ò labelled human C5a or C5adesArg (Almac Biosciences) was added to the C5aR2 receptor assays and 5 nM Alexa Fluor Ò labelled human C5a or C5adesArg was added to the C5aR1 receptor assays. HEK293 cells expressing the C5aR1 or C5aR2 receptors were diluted in assay buffer and added to the relevant assay plate at 4000 cells/ well. Following 4 hr incubation, fluorescence was read using an Applied Biosystems cellular detection system 8200. Results were analyzed with Velocity Algorithm and % specific binding determined. Two or more separate experiments were performed with each C5a ligand.
Calcium mobilization
HEK293 cells stably expressing the C5aR1 receptor and Ga16 (AstraZeneca R&D) were seeded at 2.6 £ 10 4 cells/well in 384-well poly-D-lysine black-walled plates (Greiner), incubated overnight at 37 C, 5% CO 2 , and subsequently loaded with Fluo-4AM dye (No Wash kit, Invitrogen). Dilutions of antibodies were combined with 50% to 70% of the maximal effective concentration (EC 50 to EC 70 ) of C5a ligands (human C5a or human C5adesArg (Merck) purified from serum) and incubated for 30 min. The mixtures were transferred to dye-loaded cells using a Fluorometric Imaging Plate Reader (FLIPR Ò Tetra, Molecular Devices). Fluorescence was recorded at 1 sec intervals for 120 measurements, then 3 sec intervals for 20 measurements. The peak response from each well was exported and IC 50 values determined using a four-parameter logistic equation (GraphPad Prism).
Chemotaxis
Human blood from healthy donors was centrifuged in LSM (MP Biomedicals) as described by the manufacturer, and the gradient including peripheral blood leukocytes was removed and the RBC pellet retained. The pellet was re-suspended in PBS to adjust volume to the original blood volume and Dextran T-500/saline solution added to a final concentration of 1% v/v (Indofine Chemical Company). Cells were incubated until a clearly defined surface layer appeared, and the upper portion was transferred to a 50 mL polypropylene tube and washed with PBS. RBC were lysed by the addition of distilled H 2 O for 20 secs. Cells were washed 3 times and counted. Neutrophil purity was >97% and viability >95%. Chemotaxis assays were performed in 96-well plates (NeuroProbe). Antibodies were serially diluted and combined with 2 nM recombinant human C5a. Following 15 min incubation the mixture was transferred to the bottom wells of the assay plates. Filters were placed in each well and 1 £ 10 5 neutrophils added to each filter spot. After 20 min, migrating cells were counted by flow cytometer (BD, LSRII), and percentage maximal response and IC 50 s determined.
Neutrophil CD11b up-regulation assay
Neutrophil CD11b up-regulation in human whole blood in response to complement activation was measured as described by Fung et al. 45 The anti-CD11b detection antibody was supplied by BD Pharmingen (Clone ICRF44).
HMGB1 detection
Whole blood from healthy human volunteers was collected using BD Vacutainer tubes with anti-coagulant lepirudin (41) and 80 mL/well added to a 96-well plate. Ten microliters of 100 nM antibody diluted in dPBS was added and incubated for 30 min, followed by 10 mL/well of heat-killed E. coli at 2 £ 10 7 cfu/mL and incubated overnight. Plasma was collected and HMGB1 detected by ELISA (Chondrex). Control anti-C5aR1 (BioLegend; 344302, raised against N-terminal huC5aR1 receptor residues Asp15-Asp27) and anti-C5aR2 receptor mAbs (BioLegend; 342402) were digested to F(ab')2 (Pierce) according to manufacturer's instructions.
Bactericidal assay
Klebsiella pneumoniae (ATCC-4211) were made luminescent by electroporation with plasmid pUC18-mini-Tn7T-Gm-lux 72 followed by maintenance of strains in Mueller-Hinton II medium supplemented with 10 mg/mL gentamicin. Dilutions of antibodies were incubated for 10 min at room temperature with normal human serum (3-6% v/v final) and added to the luminescent bacteria in a white 96-well Nunc plate (VWR). Following 1-2 hr incubation, surviving bacteria were quantified by luminescence using an Envision plate reader. Three separate experiments were performed.
Opsonophagocytic killing Assay
Normal human whole blood was treated with 600 nM MEDI7814 or the negative control mAb overnight, then added to a white 96-well plate (Nunc) containing anti-human CD11b (BD Biosciences, Catalogue number 555385,) or isotype control. Following 15 min incubation at 37 C, 25 mL of log-phase Pseudomonas aeruginosa luminescent reporter strain (PA01 lux) (diluted in RPMI-1640 medium supplemented with 1% BSA to an OD650 nm of 0.006 (»6.5 £ 106 CFU/mL) was added to each well and incubated with shaking for 1.5 hr. Relative luciferase units (RLU)/well were measured using an Envision plate reader. Changes in luminescent output correlate with changes in bacterial viability.
Preparation of scFv for crystallography
As extensive crystallization trials with the antigen-binding fragment of MEDI7814 were unsuccessful, MEDI7814 was reformatted to scFv. Following expression in E. coli periplasm, scFv were purified for crystallography by metal affinity chromatography (Ni-NTA superflow, Qiagen). The His6 tag was removed by treatment with TEV protease. Uncleaved material and TEV were removed by passing through a Ni-NTA superflow column.
Preparation of recombinant C5a for crystallization
Following Paczkowski et al, 73 DNA encoding the protein construct C5a, M-6his-ENLYFQGS-T-[C26S]C5a(L1-R74) was synthesized by Geneart (LifeTechnologies) and transformed into E. coli BL21 Ã cells grown in Terrific broth. The protein was expressed as inclusion bodies and solubilized post lysis in 6 M guanidine-HCl. The protein was purified by batch mixing with Ni-NTA superflow, washing into 8 M urea and eluted by low pH. The purified C5a protein was folded by exhaustive dialysis into 100 mM Tris pH8, 5 mM cysteine, 0.5 mM cystine. The folded protein was run over a Hiload Superdex 75 (16/60) column (GE Healthcare) into the final storage buffer of 50 mM Tris pH8, 150 mM NaCl, 0.02% NaN3.
Crystallization and structure solution
Initial screening was carried using sitting drops (200 nl C 200 nl) and a sparse matrix screen. Small rod-shaped crystals grew within 3 days at 293K from conditions containing: 100 mM sodium HEPES, pH 7.5; 8%v/v ethylene glycol; 20% w/v PEG 10000. The crystals were flash frozen in liquid nitrogen after cryoprotecting with an additional 10% ethylene glycol added to the mother liquor. Data were collected from a single crystal at 100K at the European Synchrotron Radiation Facility on beamline ID32-1 equipped with an ADSC CCD detector (λ D 0.9760A , d D 252mm). An exposure of 180 ms was used to acquire 720 0.5 rotation images that were indexed and integrated using the program Mosflm 74, 75 and subsequently scaled using Scala. 76 The structure was solved by molecular replacement using the variable domains of Protein Data Bank (PDB) deposition 3KDM and the CCP4 77 program Phaser7. 78, 79 C5a molecules were built manually into the electron density. The final model was built using Coot 80 and refined with REFMAC5. 81 Data processing and model refinement statistics are summarized in Supplementary Table 1 . Ramachandran plot statistics show 98.8% of amino acids in the preferred regions, 1.2% in the allowed regions and no outliners.
Structure coordinates have been deposited in the PDB with the accession number 4UU9.
